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Abstract
Background: Microeukaryotes are an effective indicator of the presence of environmental contaminants. However, the
characterisation of these organisms by conventional tools is often inefficient, and recent molecular studies have revealed a
great diversity of microeukaryotes. The full extent of this diversity is unknown, and therefore, the distribution, ecological
role and responses to anthropogenic effects of microeukaryotes are rather obscure. The majority of oil from oceanic oil spills
(e.g., the May 2010 accident in the Gulf of Mexico) converges on coastal ecosystems such as mangroves, which are
threatened with worldwide disappearance, highlighting the need for efficient tools to indicate the presence of oil in these
environments. However, no studies have used molecular methods to assess the effects of oil contamination in mangrove
sediment on microeukaryotes as a group.
Methodology/Principal Findings: We evaluated the population dynamics and the prevailing 18S rDNA phylotypes of
microeukaryotes in mangrove sediment microcosms with and without oil contamination, using PCR/DGGE and clone
libraries. We found that microeukaryotes are useful for monitoring oil contamination in mangroves. Our clone library
analysis revealed a decrease in both diversity and species richness after contamination. The phylogenetic group that
showed the greatest sensitivity to oil was the Nematoda. After contamination, a large increase in the abundance of the
groups Bacillariophyta (diatoms) and Biosoecida was detected. The oil-contaminated samples were almost entirely
dominated by organisms related to Bacillariophyta sp. and Cafeteria minima, which indicates that these groups are possible
targets for biomonitoring oil in mangroves. The DGGE fingerprints also indicated shifts in microeukaryote profiles; specific
band sequencing indicated the appearance of Bacillariophyta sp. only in contaminated samples and Nematoda only in non-
contaminated sediment.
Conclusions/Significance: We believe that the microeukaryotic targets indicated by our work will be of great applicability in
biomonitoring hydrocarbons in mangroves under oil contamination risk or during recovery strategies.
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Introduction
Biomonitoring is defined as the systematic use of biological
responses (biomarkers) to assess changes in the environment,
which are often caused by anthropogenic effects [1]. Bioindicators
are species, groups of species or biological communities whose
presence, abundance and biological conditions are indicative of a
particular environmental condition [2].
Microeukaryotes are probably the most abundant eukaryotes on
Earth; they are found in all lakes and oceans [3–5] and are a subset
of plankton known as microplankton, of which diatoms,
dinoflagellates, coccolithophorids and a large number of protozoa
are members. They are of vital importance to marine ecosystems
(e.g. mangroves and salt marshes) because they represent the base
of the pelagic food web in the ocean and changes in the
composition and structure of this web can lead to profound
changes at all trophic levels [6]. Mangrove sediment habitat is
biologically rich and provides an unique ecological niche to a
variety of organisms [7], which includes several microeukaryotic
representatives [7–10].
This group can be an effective gauge in demonstrating the
presence of contaminants because they exhibit the key features
needed to be a good bioindicator, in particular their abundance,
genetic diversity and reduced generation time, which allows for
rapid responses to environmental changes [11]. Changes in the
weather, regional geomorphic shifts and anthropogenic impacts on
coastal areas establish the taxonomic characteristics and spatial-
temporal dynamics of their communities [12], strengthening the
great potential of these organisms as bioindicators of environmen-
tal changes, which was already described by conventional tools for
filamentous fungi [13], yeast [10,13,14], nematodes [15,16] and
ciliates [17] in estuaries. Despite these findings, no studies have
evaluated the impact of oil on microeukaryotes in mangrove
sediments using molecular techniques.
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ecology has greatly increased our ability to identify microorganisms,
in particular, prokaryotes, from various environments. In recent
years, 18S rDNA clone libraries have been considered the gold
standard approach for the development of molecular surveys of
marine microbial diversity [18–20]. Several recent studies based on
amplification and sequencing of the small subunit 18S ribosomal
RNA gene fragment have revealed a great diversity of microeukar-
yotes [5,21–24]. The full extent of this diversity is unknown, and
therefore, it follows that their distribution, their patterns, their
spatial and temporal dynamics, and their ecological role are rather
obscure. For instance, mangroves are important and unique
environments that are usually exposed to pollutants, such as those
released by oil spills [25–27], and are considered by some authors as
environments at risk of disappearance from the earth [28,29].
Despite this, no studies have evaluated the impact of oil on
microeukaryotes in mangrove sediment using molecular techniques.
In this study, we evaluated the impacts of oil on major
microeukaryote groups in mangrove sediment by PCR/DGGE
(Denaturing Gradient Gel Electrophoresis) and using clone
libraries searching for potential candidates for use as bioindicators
of oil or in further studies of mangrove bioremediation and
biomonitoring using microeukaryotes.
Methods
Ethics Statement
The Institute of Microbiology Prof. Paulo de Go ´es and the
Fundac ¸a ˜o Carlos Chagas Filho de Amparo a ` Pesquisa do Estado
do Rio de Janeiro (FAPERJ) approved this study development.
Sampling site and DNA extraction
The experiments were conducted in 288.5 cm
3 PVC opaque
tube microcosms (7.567 cm) that were open at the top and closed
at bottom with PVC lids. Each microcosm received 350 g/L dry
weight (195 cm
3) of sediment from the Restinga da Marambaia,
Rio de Janeiro, Brazil (23u39270 S4 3 u339580 W). The sediment
(mud) sample comprised other ten sub-samples collected in a single
location in the intertidal zone (20 cm deep). The sample was
stored in a polyethylene bag that was transported to the
laboratory, where the microcosms were immediately mounted
(about 3 hours after sampling). Oil contamination of the
microcosms was then performed (2% v/wt contamination). The
oil (MF 380, the most transported oil in Rio de Janeiro) was mixed
with the sediments to create homogeneous sediments that were
shared among all microcosms. Triplicate samples were collected
from the microcosms at different times (days): T0 (before oil
contamination); T23 0% and 2% (23 days without oil and with 2%
oil contamination); and T66 0% and 2% (66 days without oil and
with 2% oil contamination). Every 2 days, 100 ml of distilled water
was added to each microcosm to replace evaporated fluids. It was
possible to observe a thin layer of water for ,10 hours.
The 15 microcosms (triplicates for each condition [T0 (without
oil), T23 (with and without oil) and T66 (with and without oil)] that
were utilised and destroyed after each sampling time) were
incubatedina greenhouse atroom temperature(between28–33uC).
For each microcosm sample, a 200 g sediment aliquot was
taken for Total Petroleum Hydrocarbon (TPH) analyses. To assess
the microeukaryotic communities associated with the sediment
collected at different times and with different oil contamination
levels, 0.5 g of the sediment from each microcosm replicate (for
DGGE) or of a composed sample (mixed triplicates from each
microcosm for each sampling time to perform the clone libraries)
was used for DNA extraction using the Fast DNA Spin Kit for soil
(QBIOgene, Carlsbad, CA) following the manufacturer’s instruc-
tions. The extracted DNA was quantified using a Nanodrop ND-
1000 spectrophotometer (Nanodrop Technologies, Wilmington
DE). The integrity of the DNA extracted from the soil was
confirmed by electrophoresis on a 0.8% agarose gel with 0.56
TBE buffer (45 mM Tris–borate, 1 mM EDTA, pH 8.0).
Sediment evaluation of total petroleum hydrocarbon
(TPH)
We used 7–10 replicates 10-g aliquots of (approximately 5 g
dry) from each sample for extraction with a dichloromethane:a-
cetone mixture (1:1) in a Soxhlet extractor. Prior to the extraction,
100 ng of the standard p-terfenil-d14 was added to the sample to
comprise the aromatic fraction. The volume of the raw extract was
reduced in an evaporator with rotary flow of N2 to yield a volume
of 1 ml. Fraction separation was accomplished by chromatogra-
phy using a glass column, performed with silica/alumina.
The determination of total petroleum hydrocarbons was
performed in a Varian Gas Cromatographer (GC) (CP 3800 MS
Saturn 2200) equipped with a J&W (P/N 123–1334) DB-624
capillary column (30 m60.32 mm I.D., 1.8 mm) according to EPA
methods8015and 8030.The carriergaswasheliumataflowrate of
35 cm/sec, measured at 35uC. The initial temperature of the oven
was 35uC, with an increase of 15uC/min (35–170uC). The split
injector was set at 1:40, and the injector temperature was set at
250uC. The injected volume was 1 ml. In the MSD detector, the
detector temperature of the transfer line (full scan) was set at 280uC.
PCR/DGGE
The amplification of specific fragments of the gene encoding the
18S ribosome subunit of the microeukaryotes was performed using
the primers Ek7F-GC (ACCTGGTTGATCCTGCCAG-GC)
and EK516R (ACCAGACTTGCCCTCC) [5,22,30] generating
a product with about 500 bp. The amplification was performed in
a solution containing 16 PCR buffer, 0.2 mM dNTP, 2.0 mM
MgCl2, 0.75 U of recombinant Taq DNA polymerase (Promega),
10 ng of total DNA, 5 pmol of each primer and sterile Milli-Q
water for a final volume of 25 ml. The reaction was performed in a
thermocycler (Mastercycler Gradient, Eppendorf, Hamburg,
Germany) under the following conditions: initial denaturation at
94uC for 30 s, 35 cycles at 94uC for 30 sec, 56uC for 45 sec and
72uC for 130 s with a final extension at 72uC for 7 min.
The amplicons were then separated by denaturing gradient gel
electrophoresis (DGGE). The DGGE gels (30 to 65% of urea and
formamide) were prepared with a solution of polyacrylamide (6%)
inTris-acetate(pH 8.3). The runwasperformedin16Tris-acetate-
EDTA buffer at 60uC at a constant voltage of 75 V for 16 hours.
The DGGE gels were stained with Sybr Green (Molecular Probes)
and visualised using a Storm 860 Imaging System (GE Healthcare).
The extracted gel fragment containing the bands was removed and
treated with a QIAquick PCR Purification Kit (Qiagen) according
to the manufacturer’s instructions. Dendrograms were constructed
after image capture and analysis by Pearson correlation coefficients
(r), and cluster analysis was performed using the unweighted pair
group method with average linkages (UPGMA), using BioNumerics
software (Applied Maths, Ghent, Belgium). Each band was
identified and its intensity was measured. This band intensity was
then expressed as a proportion of the total intensity of all bands
comprising a particular community profile.
Clone Libraries
The 18S rRNA genes were amplified using the EK7F and
EK516R primers
1,2. Six PCR reactions (25 ml each) were
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PCR buffer, 0.2 mM dNTP, 2 mM MgCl2, 0.5 U of Taq DNA
polymerase (Fermentas), 10 pmol of each primer and deionised
water. PCR was performed using a thermocycler (Mastercycler,
Eppendorf, Hamburg, Germany) under following conditions:
initial denaturation at 95uC for 5 min, 30 cycles at 95uC for
1 min, 55uC for 1 min and 72uC for 1 min with a final extension
at 72uC for 10 min.
Agarose gel electrophoresis of the 150 ml of PCR product was
performed prior to purification and DNA was purified using the
QIAquick Gel Extraction Kit (Qiagen) according to the manu-
facturer’s instructions. Purified amplicons were ligated into the
pGEMH T Easy Vector plasmid (Promega). The ligation products
were transformed into DH5-a Escherichia coli competent cells.
Positive clones were grown in LB medium and the extraction of
plasmids was performed using the miniprep alkaline lysis
method
20. Sequencing of the insert was performed using the Big
Dye Terminator system and an ABI-3730 automatic capillary
sequencer (Applied Biosystems).
Sequence Analysis
The electropherogram files generated by sequencing were
processed using the Phred program [31] for base calling and
trimming of vector and low-quality (,20) sequences. The high-
quality sequences located between the rRNA primers were used for
further analysis. Sequences were then aligned with ClustalX 1.81
[32]. The PHYLIPformatoutputalignments wereused toconstruct
distance matrices within each library by using Dnadist from the
phylip 3.6 package [33] with the default parameters and using the
Jukes-Cantor model [34] option. The generated matrices were used
asinput filesforDOTUR [35] tocalculatethespecies richnessusing
Chao1 [36] and ACE [37] estimators, rarefaction curves and the
Shannon-Weaver diversity index [38]. The taxonomic affiliation
was determined using the Blast program [39] through the web
service provided by NCBI (http://www.ncbi.nlm.nih.gov/).
For the tree construction, one representative sequence of each
OTU was randomly selected for use in the alignments. The nearest-
neighbours sequences used for the construction of the previous trees
were obtained using the selected representatives of each OTU and
the Aligner tool through the web service provided by the SILVA
database [40]. The FASTA file generated was edited for
redundancy elimination, and the sequences were realigned and
manually edited with the ClustalW aligner of the MEGA4.0
program [41]. Phylogenetic trees were constructed and edited using
the MEGA 4.0 program with the neighbour-joining method, the
Juke-Cantor model [34] option and a bootstrap value of 1000.
Nucleotide sequence accession numbers
The sequences generated by clone libraries were deposited in
the GenBank under the accession numbers HM228084-
HM228385. The sequences generated by DGGE band excision
were deposited in the GenBank under the accession numbers
HM357130-HM357134.
Results
The DGGE results indicated similarities above 95% between
triplicates and above 90% between microcosm sediment samples
without oil contamination from different sampling times, indicat-
ing that the microeukaryotic communities were stable in
microcosms without oil disturbance during this period of time
(66 days) (Data not shown). For this reason, we use T0 without oil
as a representative sample of non-contaminated sediment to be the
reference for changes caused by the presence of oil.
The estimated values of OTU richness, diversity index, sample
coverage and rarefaction curves are presented in Table 1 and
Figure 1. The Shannon diversity indices for T23 2% and T66 2%
are statistically lower than for T0 (T0 without oil contamination).
Similar results are shown for the SACE and SChao1 (Table 1).
We observed a great predominance of the Fungi/Metazoa
group, corresponding to about 70% of all sequences obtained from
sediment without oil, followed by Stramenopiles (25%), Alveolata
(9%), Rhizaria (4%) and Viridiplantae, Amoebozoa and Ichthyos-
porea (1%) (Figure 2a and Table S1). The dominant phyla
observed were Nematoda and Bacillariophyta, at 45% and 24%
(Figure 2b and Table S1), respectively, and the dominant species
were related to the genera Monhysteridae, Minutocellusnd and,
especially Neochromadora, corresponding to about 55% of the whole
microeukaryote diversity from the Restinga da Marambaia
sediment (Figure 2c and Table S1).
The dominant group that proved sensitive to oil contamination
was the Fungi/Metazoa; the oil treatment reduced their relative
abundance to only 16% and 11% of the sequences, 23 and 66 days
after oil contamination respectively. The Stramenopiles became
the dominant taxonomic group, increasing from 25% at T0 to
71% 23 days after oil contamination and to 61% after 66 days
(Figure 2a). Interestingly, the Bacillariophyta phylum demonstrat-
ed a great abundance before and after oil contamination, showing
a gradual increase after oil contamination while Nematoda
decrease gradually after exposure (Figure 2b). The Bicosoecida
phylum was only detectable after oil contamination and was
abundantly present only 23 days after contamination (Figure 2b).
Looking at the representatives of the dominant taxonomic
group Bacillariophyta, there was an increase of sequences from the
genus Bacillariophyta sp. after oil contamination, from zero in
non-contaminated sediment to 32.4% and 43.5% of all sequences,
23 and 66 days after oil application (Figure 2c and Table S1).
Representing the Bisoecida group, the Cafeteria minima species,
belonging to Stramenopila taxonomic group, was the dominant
species 23 days after oil contamination and showed a curious
profile; 66 days after oil exposure, this species represented only
2.3% of the microeukaryote community. Despite this observation,
the TPH levels from T23 and T66 were similar (Figure S1).
The most oil-sensitive species were members of the Neochroma-
dora and Minutocellus genera and decreased to between 0–1% after
oil contamination (Figure 2c and Table S1).
A phylogenetic tree was constructed (Figure 3) by combining the
phylogenetic affiliations of the obtained sequences from the three
samples studied and the most similar sequences found in NCBI. We
Table 1. Estimated OTU richness, diversity indices and
estimated sample coverage for 16S rRNA libraries of
mangrove sediment samples.
Library NS
a OTUs OTUs richness estimators Shannon
c ESC
d
ACE
b Chao1
b
0 125 46 97 (68; 164) 69 (55; 107) 319 (296; 342) 080
23 91 20 47 (28; 116) 37 (25; 84) 205 (177; 232) 087
60 87 32 51 (39; 86) 42 (35; 64) 289 (262; 316) 083
aNumber of sequences for each library.
bCalculated with DOTUR at the 3% distance level.
cShannon diversity index calculated using DOTUR (3% distance).
dEstimated sample coverage: Cx=12(Nx/n), where Nx is the number of unique
sequences and n is the total number of sequences.
Values in brackets are 95% confidence intervals as calculated by DOTUR.
doi:10.1371/journal.pone.0012437.t001
Microeukaryotes Oil Indicators
PLoS ONE | www.plosone.org 3 August 2010 | Volume 5 | Issue 8 | e12437found that a great predominance of samples from the T0 sample
grouped into the Fungi/Metazoa cluster. Concerning the Strame-
nopilagroup,we observe theclusteringof Bacillariophyta sp.se qu e nc e s
with OTUs (Operational Taxonomic Units) from contaminated
samples only. The Amoebozoa group is represented by only one
OTU from T0, while the groups Rhizaria, Viridiplantae and
Alveolata presented sequences from the three studied samples.
The DGGE analysis also demonstrated shifts in the microeukar-
yote profiles in sediment samples with the addition of oil. As
demonstrated by clone libraries, some extracted gel bands from
sediment samples 23 days after oil contamination also indicated the
appearance of Bacillariophyta, specifically the algae species Amphora
montana, with 96% similarity (Figure 4a and Table 2). In sediment
samples evaluated 66 days after oil contamination, a band fragment
related to the Alveolata taxonomic group was detected, while in
samples without oil, bands containing DNA fragments related to
Nematoda representatives were observed (Figure 4b and Table 2).
Discussion
The use of microeukaryotes as bioindicators of environmental
shifts has been proposed by some authors, but no studies were
available that considered the application of molecular tools to
evaluate the effects of oil on microeukaryotes in mangrove
sediment. Our clone library results, which indicated a predomi-
nance of the Fungi/Metazoa group (,70%) followed by
Stramenopiles (25%) and Alveolata (9%) (Figure 2a), were specific
to the studied mangrove when compared to other environments
described in the literature, suggesting that this diversity pattern is
likely related to the mangrove environment. For instance, a
predominance of the groups Alveolata and Stramenopiles (41%
and 28%, respectively) was observed in the water of the Mariager
Fjord, Denmark [42]. In deep sea sediments rich in methane in
Sagami Bay, Japan, a predominance of Fungi (63.2%), entirely
Figure 2. Distribution of partial sequences of the eukaryotic 18S rRNA gene from mangrove sediment. Affiliation was performed using
NCBI-Blast searches A: Taxonomic groups B: Phyla C: Genus/species T0, without oil contamination; T23 2%, 23 days after 2% of oil contamination; T66,
66 days after 2% of oil contamination.
doi:10.1371/journal.pone.0012437.g002
Figure 1. Rarefaction curves of partial sequences of 18S rDNA.
The rarefaction curves from microcosm sediment samples were
calculated by DOTUR003. T0, T23 2% and T66 2%: curves of 18S rDNA
of each sampling T0, without oil contamination; T23 2%, 23 days after
2% of oil contamination; T66, 66 days after 2% of oil contamination.
doi:10.1371/journal.pone.0012437.g001
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Alveolata (15%), Cercozoa (8.6%) and Stramenopiles (5.4%) [43].
In a water reservoir in an abandoned pyrite mine in Portugal,
which features extremely low pH and high concentrations of heavy
metals, 54.8% of the microeukaryote sequences belonged to two
clones of the Viridiplantae group and 14.6% to a clone of
Stramenopiles [44]. Clones belonging to the Fungi and Alveolata
groups were also detected [44]. Cheung and colleagues [21]
evaluated microeukaryotic diversity in coastal waters by pyrose-
quencing and described Stramenopiles, dinoflagellates, ciliates and
prasinophytes as the dominant groups, comprising approximately
27%, 19%, 11% and 11% of the total population, respectively.
Concerning the mangrove ecosystem, some microeukatyotic
indicators were already suggested [10]. For instance, it was
previously described by using cultivation methods that filamentous
fungi and yeasts were also significantly (P ,0.05) lower in polluted
United Arab Emirates mangrove sediment when compared to
non-polluted sediment [13]. The species Yarrowia lipolytica
(anamorph Candida lipolytica) is typically a very strong assimilator
of hydrocarbons and has been suggested as an indicator of oil
contamination in marine and estuarine environments [10]. A
number of Trichosporon species, which was found in our samples,
are common in aquatic sediments and polluted waters, and are
able to assimilate phenolic compounds [45]. There is also a
suggestion of using the yeast Kluyveromyces estuarii as an oil indicator
in mangroves [10]. Another conventional study demonstrated that
ciliates could serve as good bioindicators in assessing the qualities
of organically polluted mangrove sediment [17].
The ACE and Chao1 richness estimators and the Shannon
diversity index indicated a decrease in microeukaryotic diversity
and species richness after contamination, and the phylogenetic
group that showed the greatest sensitivity to oil was Nematoda
(nematodes). Corroborating clone library results, DGGE band
fragments related to Nematoda were only detected in non-
contaminated samples. Moreno and colleagues [15] drew
attention to the fact that nematodes offer a promising possibility
for assessing changes in community structure, due to their high
structural and functional diversity. Nematodes have been used in
biomonitoring studies and are suitable indicators of the impacts of
pollution on marine ecosystems [16,46]. Beyrem and colleagues
[40] investigated the effects of lubricant oils on marine Nematoda
populations and observed that total nematode abundance, species
richness and species number decreased significantly in all
lubricant-contaminated microcosms. These authors indicated that
the study of nematode populations is a useful tool for assessing the
environmental quality of impacted ecosystems and for identifying
vulnerable areas on which management actions should first be
focused. Our results indicate that a similar conclusion can be
applied to oil-contaminated mangrove monitoring.
After contamination, it was also possible to detect a large increase in
the abundance of the group Bacillariophyta (diatoms), which was
already a part of the dominant community in native sediment.
Bicosoecida were also detected, with the oil contaminated samples
almost entirely dominated by Bacillariophyta sp. at both times after oil
contamination, and Cafeteria minima was present 23 days after oil
contamination. C. minima demonstrated a curious profile, being
Figure 4. Sybr green-stained DGGE (30 to 65% of urea and formamide) gels of 18S rDNA fragments. A: 1, T0a; 2, T0b; 3, T0c (replicates);
4, T23 2% a (23 days after 2% of oil contamination); 5, T23 2% b; 6, T23 2% c (replicates) B: 1, T0a; 2, T0b; 3, T0c (replicates); 4, T66 2% a (66 days after
2% of oil contamination); 5, T66 2% b; 6, T66 2% c (replicates).
doi:10.1371/journal.pone.0012437.g004
Figure 3. Phylogram of the microeukaryotic 18S rRNA phylotypes obtained from the microcosm sediment samples. A representative
sequence of each OTU determined by DOTUR003 and the nearest neighbours obtained by using the aligner tool of the SILVA database project were
used OTUs nomination: T0, without oil contamination (in blue); T23 2%, 23 days after 2% of oil contamination (in red); T66, 66 days after 2% of oil
contamination (in red) The phylogram was calculated with MEGA 40 using the neighbour-joining method and the Jukes-Cantor model Numbers at
the branches show the bootstrap percentages (above 50% only) after 1000 replications of bootstrap sampling.
doi:10.1371/journal.pone.0012437.g003
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66 days after the oil spill. This decrease was not related to the TPH
(Total Petroleum Hydrocarbons) level observed because the total
concentrations were similar at the two sampling times after oil
contamination. A plausible explanation is that the fraction of available
oil may be different during sampling times, or competition with other
organisms may have taken place 66 days after the addition of oil.
The Bacillariophyta group was previously described as a
dominant member of mangrove microeukaryotic communities
[47], and belongs to the Stramenopile or Heterokonta rank, which
contain key oceanic algal classes (e.g., the ubiquitous diatoms) and
heterotrophic groups such as the Bicosoecids [5]. As described
above, the Bicosoecid C. minima, which was not detected before oil
contamination, represented almost 40% of all sequences 23 days
after oil contamination. Some studies, such as a recent
investigation in the Nile River of Egypt, have reported the
presence of Bacillariophyta in environments contaminated with
oil, with this group being more abundant at a site contaminated by
oil [48]. Cesar [49] also observed that there was an increase of
some species of diatoms after a spill of diesel and vegetable oil in
the Rio Negro, Parana ´. Our DGGE results corroborated clone
libraries, with bands that were specific to oil-contaminated samples
and that presented similarities to sequences of Bacillariophyta,
specifically the algae genus Amphora.
Molecular evaluation of microeukaryotic communities in
environmental samples is becoming an increasingly studied
subject, indicating that the diversity of this group is higher than
previously described [5,50], Indeed, very little is known about such
diversity in many ecosystems. For instance, despite the large
number of reports of the presence of Bacillariophyta in oil-
impacted areas, a large number of the oil microcosm sequences
reported in this work have not been described previously in areas
with petroleum hydrocarbon contamination.
In conclusion, the use of molecular techniques for monitoring
microeukaryotic communities in oil-impacted mangroves has
emerged as a potential tool to quickly and efficiently indicate
anthropogenic effects. Bacillariophyta sp. and Cafeteria minima are
promissing targets for the biomonitoring of the presence of
petroleum hydrocarbons in mangrove sediments, with Nematoda
being a very sensitive group, and Neochromadora and Minutocellus as
the most sensitive genera.
Despite the fact that the Restinga da Marambaia mangrove (the
origin of the sediment used in our microcosm construction) is an
environment with no history of contamination by petroleum
hydrocarbons, a survey of the native microeukaryotic community
of this area and assays to evaluate possible impacts of oil on the
environment are of extreme importance. This area is located in
Sepetiba Bay, where the Itaguaı ´ Port is expanding to accommo-
date larger ships, which makes this preserved marine environment
highly susceptible to an ecological disaster caused by oil spills.
Other environments under risk or under active contamination can
also be monitored to prevent oil effects and during the recovery
process. Despite the possible, and expected, variability of microbial
diversity in different mangroves, we believe that the microeukar-
yotes indicated in this study will be useful for monitoring oil
contamination in these environments.
As an example of a practical application, we suggest the use of
such groups as targets to be used in qPCR experiments to quantify
the abundance of these groups in distinct mangroves contaminated
with oil. This would permit evaluation of the presence and
abundance of these indicators in mangroves with different levels of
oil, which could validate this approach as useful in field
monitoring. Also, based on our study, further works using
molecular, isolation and microscopic techniques can provide more
detailed information concerning species with enhanced sensitivity
or tolerance to oil contamination.
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Table S1 Closest relative sequences obtained with NCBI-Blast
search using generated partial 18S rRNA sequences from
microcosm sediment samples.
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Table 2. Phylogenetic affiliations of microeukaryotes in DGGE-extracted band sequences.
Bands Phylogenetic affiliation
Most similar Specie
or strain (access number) Similarity(%) Source
A Stramenopiles
Bacillariophyta
Amphora Montana (AJ243061) 96% Algae from marine environment
B Stramenopiles
Bacillariophyta
Amphora sp
(AB183590)
97% Algae from marine environment
C Metazoa
Nematoda
Laxus oneistus
(Y16919)
87% Sand of coral reefs in Belize
D Metazoa
Nematoda
Diplolaimelloides environmental sample
(EF659926)
79% Saline environments
E Alveolata
Ciliophora
Ciliado na ˜o cultivado
(DQ115950)
74% PAH-contaminated soil
doi:10.1371/journal.pone.0012437.t002
Microeukaryotes Oil Indicators
PLoS ONE | www.plosone.org 7 August 2010 | Volume 5 | Issue 8 | e12437References
1. Buss DF, Baptista DF, Nessimian JL (2003) Conceptual basis for the application
of biomonitoring on stream water quality programs. Cad Sau ´de Pu ´blica 19:
465–473.
2. Hyne RV, Maher WA (2000) Macroinvertebrate Biomarkers: Links to Toxicosis
and Changes in Population or Communities. University of Canberra. Australia.
Cooperative Research Centre for Freshwater Ecology. Technical Report ScD5.
Available: http://enterprise.canberra.edu.au.
3. Caron DA, Peele ER, Lim EL, Dennett AMR (1999) Picoplankton and
nanoplankton and their trophic coupling in the surface waters of the Sargasso
Sea south of Bermuda. Limnol Oceanogr 44: 259–272.
4. Li WKW, Subba Rao DV, Harrison WG, Smith JC, Cullen JJ, et al. (1994)
Autotrophic picoplankton in the tropical ocean. Science 219: 292–295.
5. Moon-Van Der Staay SY, Wachter R, Vaulot D (2001) Oceanic 18S rDNA
sequences from picoplankton reveal unsuspected eukaryotic diversity. Nature
409: 607–610.
6. Giovannoni SJ, Britschgi TB, Moyer CL, Field KG (1990) Genetic diversity in
Sargasso Sea bacterioplankton. Nature 345: 60–63.
7. Kumar RS (2000) A review of biodiversity studies of soil dwelling organisms in
Indian mangroves. Zoos’ Print J 15: 221–227.
8. Araujo FV, Soares CA, Hagler AN, Mendonc ¸a-Hagler LC (1995) Ascomycetous
yeast communities of marine invertebrates in a southeast Brazilian mangrove
ecosystem. Antonie Van Leeuwenhoek 68: 91–99.
9. Mendonc ¸a-Hagler LCS, Vieira R, Hagler NA (2001) Microbial quality of water,
sediment, fish and shellfish in some brazilian coastal regions. Oecol Brasiliensis
9: 197–216.
10. Hagler A (2006) Yeasts as Indicators of Environmental Quality In: Pe ´ter G,
Rosa C, eds. Biodiversity and Ecophysiology of Yeasts. pp 519–536.
11. Valiela I (1995) Marine ecological processes (2nd Edition). New York, NY:
Springer-Verlag. 686 p.
12. Brandini FP, Lopes RM, Gutseit KS, Spach HL, Sassi R (1997) Planctonologia
na plataforma continental do Brasil: diagnose e revisa ˜o bibliogra ´fica. Brası ´lia:
MMA, CIRM, FEMAR 196 p.
13. El-Tarabily KA (2002) Total microbial activity and microbial composition of a
mangrove sediment are reduced by oil pollution at a site in the Arabian Gulf.
Can J Microbiol 48: 176–82.
14. Hagler AN, Rosa CA, Morais PB, Mendonc ¸a-Hagler LC, Franco GM, et al.
(1993) Yeasts and coliform bacteria of water accumulated in bromeliads of
mangrove and sand dune ecosystems of southeast Brazil. Can J Microbiol 39:
973–7.
15. Moreno M, Albertelli G, Fabiano M (2009) Nematode response to metal, PAHs
and organic enrichment in tourist marinas of the Mediterranean sea. Mar Pollut
Bull 58: 1192–1201.
16. Beyrem H, Louati H, Essid N, Aı ¨ssa P, Mahmoudi E (2010) Effects of two
lubricant oils on marine nematode assemblages in a laboratory microcosm
experiment. Mar Environ Res 69: 248–253.
17. Chen QH, Tam NF, Shin PK, Cheung SG, Xu RL (2009) Ciliate communities
in a constructed mangrove wetland for wastewater treatment. Mar Pollut Bull
58: 711–9.
18. Epstein S, Lopez-Garcia P (2008) ‘‘Missing’’ protists: a molecular prospective.
Biodivers Conserv 17: 261–276.
19. Massana R, Pedros Alio ´ C (2008) Unveiling new microbial eukaryotes in the
surface ocean. Curr Opin Microbiol 11: 213–218.
20. Not F, Campo J, Balague V, Vargas C, Massana R (2009) New Insights into the
Diversity of Marine Picoeukaryotes. Mar Prot Divers 4: 1–7.
21. Cheung MK, Chu KH, Kwan HS, Wong CK (2010) Composition and genetic
diversity of picoeukaryotes in subtropical coastal waters as revealed by 454
pyrosequencing. ISME J 8: 1053–1059.
22. Dı ´ez B, Pedro ´s-Alio ´ C, Massana R (2001) Study of genetic diversity of eukaryotic
picoplankton in different oceanic regions by small-subunit rRNA gene cloning
and sequencing. Appl Environ Microbiol 67: 2932–2941.
23. Lo ´pez-Garcı ´a P, Rodrı ´guez-Valera F, Pedros-Alio ´ C, Moreira D (2001)
Unexpected diversity of small eukaryotes in deep-sea Antarctic plankton. Nature
409: 603–607.
24. Stoeck T, Bass D, Nebel M, Christen R, Jones MDM, et al. (2010) Multiple
marker parallel tag environmental DNA sequencing reveals a highly complex
eukaryotic community in marine anoxic water. Mol Ecol 19: 21–31.
25. Burns KA, Codi S (1998) Contrasting impacts of localized versus catastrophic oil
spills in mangrove sediments. Mang Salt Mar 2: 63–74.
26. Li H, Zhao Q, Boudfadel MC, Venosa A (2007) A universal nutrient application
strategy for the bioremediation of oil-polluted beaches. Mar Pollut Bull 54:
1146–1161.
27. Santos HF, Carmo FL, Paes JES, Rosado AS, Peixoto RS (2010) Bioremediation
of Mangroves Impacted by Petroleum. Water Air Soil Poll. In press.
28. Duke NC, Meynecke JO, Dittmann S, Ellison AM, Anger K, et al. (2007) A
world without mangroves? Science 317: 41–42.
29. Lee SY, Dunn RJK, Young RA, Connolly RM, Dale PER, et al. (2006) Impact
of urbanization on coastal wetland structure and function. Aust Ecol 31:
149–163.
30. Wilms R, Sass H, Kopke B, Koster J, Cypionka H, et al. (2006) Specific
Bacterial, Archaeal, and Eukaryotic Communities in Tidal-Flat Sediments along
a Vertical Profile of Several Meters. Appl Environ Microbiol 72: 2756–2764.
31. Ewing B, Green P (1998) Base-calling of automated sequencer traces using
Phred. II error probabilities. Genome Res 8: 186–194.
32. Thompson JD, Gibson TJ, Plewniak F, Jeanmougin F, Higgins DG (1997) The
Clustal_X windows interface: flexible strategies for multiple sequence alignment
aided by quality analysis tools. Nucleic Acids Res 25: 4876–4882.
33. Felsestein JP (1993) Phylogenetic Inference Package version 3.5c. Distributed by
the author, Department of Genetics, Univ. Washington, Seattle.
34. Jukes TH, Cantor CR (1969) Evolution of protein molecules. In: Munro HN, ed.
Mammalian Protein Metabolism. New York: Academic. pp 21–132.
35. Schloss PD, Handelsman J (2005) Introducin to DOTUR, a computer program
for defining operacional taxonomic units and estimating species richness. Appl
Environ Microbiol 71: 1501–1506.
36. Chao A (1987) Estimating the population size for capture-recapture data with
unequal catchability. Biometrics 43: 783–791.
37. Chao A, Lee SM (1992) Estimating the number of classes via sample coverage.
J Am Stat Assoc 87: 210–217.
38. Shannon CE, Weaver W (1949) The mathematical theory of information.
Urbana: University of Illinois Press.
39. Altschul SF, Gish W, Miller W, Myers EW, Lipman DJ (1990) Basic local
alignment tool. J Mol Biol 215: 403–410.
40. Pruesse E, Quast C, Knittel K, Fuchs B, Ludwig W, et al. (2007) SILVA: a
comprehensive online resource for quality checked and aligned ribosomal RNA
sequence data compatible with ARB. Nucleic Acids Res 35: 7188–7196.
41. Tamura K, Dudley J, Nei M, Kumar S (2007) MEGA4: molecular evolutionary
genetics analysis (MEGA) software version 40. Mol Biol Evol 24: 1596–1599.
42. Zuendorf A, Bunge J, Behnke A, Barger KJA, Stoeck T (2006) Diversity
estimates of microeukaryotes below the chemocline of the anoxic Mariager
Fjord, Denmark. FEMS Microbiol Ecol 58: 476–491.
43. Takishita K, Fujiwara Y, Kawato M, Kakizoe N, Miyazak M, et al. (2007)
Molecular Identification of the Ichthyosporean Protist ‘‘Pseudoperkinsus tapetis’’
from the mytilid mussel Adipicola pacifica associated with submerged whale
carcasses in Japan. Mar Biotechnol 10: 13–18.
44. Gadanho M, Sampaio JP (2006) Microeukaryoticdiversity in the extreme
environments of the Iberian Pyrite Belt: a comparison between universal and
fungi-specific primer sets, temperature gradient gel electrophoresis and cloning.
FEMS Microbiol Ecol 57: 139–148.
45. Middelhoven WJ, Scorzetti G, Fell JW (2000) Trichosporon veenhuisii sp. nov.,
an alkane-assimilating anamorphic basidiomycetous yeast. Int J Syst Evol Micr
50: 381–387.
46. Coull BC, Chandler GT (1992) Pollution and meiofauna: field, laboratory and
mesocosm studies. Oceanogr Mar Biol 30: 191–271.
47. Rajkumar M, Perumal P, Prabu VA, Perumal NV, Rajasekar KT (2009)
Phytoplankton diversity in Pichavaram mangrove waters from south-east coast
of India. J Environ Biol 30: 489–98.
48. El-Sheekh MM, El-Naggar AH, Osman MEH, Haieder A (2000) Comparative
studies on the green algae chlorella homosphaera and chlorella vulgaris with respect to
oil pollution in the river Nile. Water Air Soil Poll 124: 187–204.
49. Cesar A, Choueri RB, Riba I, Morales-Caselles C, Pereira CDS, et al. (2007)
Comparative sediment quality assessment in different littoral ecosystems from
Spain (Gulf of Cadiz) and Brazil (Santos and Sa ˜o Vicente estuarine system).
Environ Int 33: 429–435.
50. Rappe ´ MS, Suzuki MT, Vergin KL, Giovannoni SJ (1998) Phylogenetic
diversity of ultraplankton plastid small-subunit rRNA genes recovered in
environmental nucleic acid samples from the Pacific and Atlantic coasts of the
United States. Appl Environ Microbiol 64: 294–303.
Microeukaryotes Oil Indicators
PLoS ONE | www.plosone.org 8 August 2010 | Volume 5 | Issue 8 | e12437